Excited state enol-keto isomerization in salicylic acid ͑SA͒ monomer and dimer has been studied in a supersonic free jet expansion. Two carboxylic group rotamers of SA with significantly different photophysical properties are found in the expansion. Rotamer I, the major form of SA in the expansion, has an intramolecular hydrogen bond and can undergo excited state tautomerization reaction. Its S 1 origin is at 335.34 nm. Single vibronic level emission spectra are dominated by progressions in OH stretching ͑3230 cm Ϫ1 ͒, and in-plane bending of the carboxylic group ͑240 cm Ϫ1 ͒. The spectra appear to consist of two components, normal ͑UV͒ and tautomer ͑BLUE͒ emissions, even at the origin. The intensity of the BLUE relative to the UV emission depends on the vibronic state, rather than the excess vibrational energy between the origin and 1100 cm
Excited state enol-keto isomerization in salicylic acid ͑SA͒ monomer and dimer has been studied in a supersonic free jet expansion. Two carboxylic group rotamers of SA with significantly different photophysical properties are found in the expansion. Rotamer I, the major form of SA in the expansion, has an intramolecular hydrogen bond and can undergo excited state tautomerization reaction. Its S 1 origin is at 335.34 nm. Single vibronic level emission spectra are dominated by progressions in OH stretching ͑3230 cm Ϫ1 ͒, and in-plane bending of the carboxylic group ͑240 cm Ϫ1 ͒. The spectra appear to consist of two components, normal ͑UV͒ and tautomer ͑BLUE͒ emissions, even at the origin. The intensity of the BLUE relative to the UV emission depends on the vibronic state, rather than the excess vibrational energy between the origin and 1100 cm
Ϫ1
. The fluorescence decay time profiles for both the emission components of rotamer I are identical within ϳ1 ns experimental time resolution. A nonradiative decay process with an activation energy of ϳ1100 cm Ϫ1 is deduced from an abrupt decrease in fluorescence lifetimes above this energy. The rotamer II cannot undergo excited state tautomerization. Its electronic origin is at 311.52 nm and emits only UV fluorescence. Upon increasing the concentration of the SA sample, a new spectrum is observed. Due to a nonlinear concentration dependence of the intensity and the propensity of SA to form dimers in solution, it is assigned to the SA dimer. This spectrum shows possible evidence of double proton transfer in the S 1 state. © 1995 American Institute of Physics.
I. INTRODUCTION
The excited state enol-keto tautomerization reaction is of great scientific and technological interest in organic synthesis, photochemical energy conversion, photoprotection, oscillation of laser dyes, and design of functional materials. [1] [2] [3] [4] [5] [6] [7] To gain experimental and theoretical understanding of the mechanism for excited state intramolecular proton transfer ͑ESIPT͒ in complex biological systems and practical applications, it is desirable to study simple systems, such as salicylic acid, under supersonic expansion conditions.
In a large class of molecule, the intramolecular proton transfer process can be described by a transformation between two degenerate, or nearly degenerate, limiting enol and keto resonance structures, Such a transformation is often simply called an intramolecular proton transfer. However, in this work, the process will be described as a ''enol-keto tautomerization'' to emphasize that along with the proton transfer, a significant redistribution of electron density results in changes in the bond orders and lengths of heavy atoms such as C and O. The correct description of electronic structure of such a molecule involves contributions from both of the limiting enol and keto forms. Nagaoka and Nagashima have introduced a ''nodal plane'' model to predict from simple ab initio calculations which of the two forms will be more stable in electronically excited states. 8 The calculated position of a nodal plane on the benzene ring, on a molecule such as SA, is a useful qualitative guide for predicting the more stable form in a particular electronic state. The nodal plane in electronically excited states will coincide with single bonds of the more stable form. This theoretical approach can explain, for instance, why the S 1 state of 2-hydroxybenzoic acid undergoes tautomerization, while the S 2 state does not. 8 This theory demonstrates that the proton transfer occurs in the response to the changes of electron distributions on the heavy atoms of the benzene ring.
Tautomerization reaction can occur between equivalent or inequivalent structures. In a molecule where the enol and keto structures are identical, the emission spectra are indistinguishable, and the proton-transfer can be deduced only from a splitting of vibronic bands due to tunneling between the two equivalent minima. The tunneling splittings depend on the vibronic state and are very sensitive to the vibrational motions of heavy atoms, which may promote or hinder the transformation. 9, 10 When the two structures are inequivalent, the relative stability of the enol and keto forms depends on the electronic state, and there may be a barrier to intercon-version. The experimental signature of tautomerization is a large Stokes-shift of the emission spectrum, which can be observed both in condensed and gas phases. 2-6,8 -20 Such redshifted emission was first observed by Marsh in solutions of methyl salicylate ͑MS͒.
1͑a͒ Later, Weller explained this anomalous emission from salicylic acid ͑SA͒ derivatives in terms of ESIPT. 1͑b͒,1͑c͒ Subsequent studies of the fluorescence excitation spectra of MS in the solution and gas phases revealed that there are actually two carboxylic group rotamers present in this system; the interpretation of the emission spectra are complicated by the fact that only one can undergo ESIPT. [11] [12] [13] [14] [15] [16] [17] The presence or absence of a barrier can have a strong effect on the rates of transformation. When the enol and keto forms are equivalent, interconversion between tautomers can occur by tunneling on picosecond to subpicosecond time scales through barriers of several kcal/mol. The barrier heights and tunneling rates are strongly dependent on the electronic state. Due to the coupling of heavy atom motions the tunneling rate is strongly dependent even on the vibronic states, which do not involve large hydrogen atom motion. Asymmetric molecules may have single or double minima. Methyl salicylate and related molecules appear to have a single minimum in the enol form for the ground, and keto form for S 1 states. 2, [11] [12] [13] [14] [15] [16] [17] From the studies of relative fluorescence quantum yields in organic glasses below 100 K of bis-2,5-͑2-benzolyl͒-hydroquinone, an S 1 state barrier of 0.35 kcal/mol has been reported.
4͑a͒ For 3-hydroxyflavone in solution, the tautomer emission rise time of 100-300 fs has been measured. 4͑b͒ In case of 2-͑2Ј-hydroxyphenyl͒ benzoxazole ͑HBO͒, the ESIPT rate of 60Ϯ30 fs has been deduced by pump-probe transient absorption measurements in solution. 5 Homogeneous broadening of vibronic bands of supersonic jet spectra of 7-azaindole and 1-azacarbazole dimers, 9 3-hydroxyflavone, 4͑b͒,18 and HBO ͑Ref. 5͒ have been attributed to ultrafast tautomerization. In a recent study on MS in vapor phase, the measured tautomer rise time of 60 fs is reported for the S 1 state.
15͑b͒ Since these rise times correspond to many periods of the O-H stretching vibration, it appears that the tautomerization time scale is determined by the motions of the heavy atoms rather than of the H atom.
This raises the problem of whether these processes can be described by few degrees of freedom involving mainly hydrogen motion, or whether a multidimensional surface involving adiabatic motions of heavy atoms is more appropriate. Since resonance Raman spectroscopy gives information on the initial dynamics on the excited states, it provides important information on how to describe the reaction coordinate. Significantly, resonance Raman spectra of 2-hydroxy acetophenone show displacements of a large number of the skeletal vibrational coordinates, but not of the OH stretch. 13 It appears that the motion of the hydrogen occurs in response to the adiabatic motions of heavy nuclei, which in turn are caused by a redistribution of electron density in the excited states. Therefore, models which treat tautomerization as onedimensional H atom transfer may not have sufficient complexity to describe spectroscopic and kinetic observations on this class of molecule.
Even though SA is one of the simplest systems in which tautomerization can occur, there are as yet no reported studies in the gas phase and only a few in the condensed phase. 19, 20 Because SA readily dimerizes in the condensed phase and the electronic spectra of the monomer and dimer overlap, it has not been possible to study electronic spectra of the monomer in solution. The possibility of the double proton transfer in the ground and S 1 state has been suggested for the dimer. 19 Molecular orbital calculations of SA indicate a small or no barrier to proton transfer. 21 Several studies have been devoted to the derivatives of SA, particularly methyl salicylate ͑MS͒ in solution, matrices, gas phase, and free jet expansions.
1,11-17 Goodman and Brus have shown that in 4.2 K neon matrix, MS does not appear to have a barrier to tautomerization.
11͑a͒ A number of studies on MS fluorescence excitation and emission spectra in supersonic jets have shown the following: ͑i͒ two MS rotamers exist in the jet; ͑ii͒ the more abundant rotamer undergoes tautomerization; ͑iii͒ this rotamer decays by a nonradiative process with an activation energy of 1300 cm
Ϫ1
; and ͑iv͒ its emission spectrum shows large displacements in the O-H, C-O, and low frequency ͑176 cm
͒ modes, with an emission maximum at two quanta of O-H stretch.
14 - 17 The nonradiative process has been attributed variously to the torsion of the -COOMe group, crossing of the *-and *-n surfaces, breaking of the hydrogen bond, and analogous decay to the channel three process in benzene.
14 - 16 Of particular interest is a recent time-resolved fluorescence depletion measurement of S 1 state of MS, where a 60 fs transient was attributed to the hydrogen atom transfer reaction. 15͑b͒ Though there have been several studies on MS and several derivatives in supersonic expansions, a number of spectroscopic and dynamical details are still controversial.
Though SA readily dimerizes in condensed phase, we have found it possible to generate supersonic jets of mostly SA monomer or dimer by controlling SA partial pressure before the expansion. In this work, we report fluorescence excitation, dispersed fluorescence spectra, and decay rates of SA and SA dimer ͑SA 2 ͒. The goal is to understand tautomerization in SA and SA 2 ͑double proton transfer͒ under isolated conditions. Both rotamers of SA monomer ͑Fig. 1͒ exist in the expansion. Rotamer ͑I͒ has dual ͑small and large Stokes shift͒ emission even at the origin, while rotamer ͑II͒ has only one emission component with a small Stokes shift. The assignments of the fluorescence excitation spectra have been made on the basis of the available data on phenol, MS, benzoic acid dimer, benzaldehyde, as well as theoretical calculations. The S 1 state potential energy surface appears to have a single minimum, which has more keto character than the ground state. Furthermore, SA has an analogous nonradiative channel to MS with an activation energy of 1100 cm
. The fluorescence excitation spectrum of SA 2 shows progressions in several low frequency intermolecular modes. The emission spectra show evidence for large displacements in hydrogen bonded H atoms in the excited state. The relative simplicity of SA compared to MS, makes it a better model for studying excited-state tautomerization reactions in simple aromatic systems.
II. EXPERIMENT
Experimental arrangement for fluorescence excitation spectral measurements in free jet expansions has been described elsewhere. 22 Supersonic expansion was formed by flowing He seeding gas at stagnation pressure of 1-3 atm over a solid sample of SA, and by expanding the gas mixture through 0.50 mm orifice during 300-400 s opening of a pulsed valve. The partial vapor pressure of SA could be varied between ϳ0.04 -0.8 Torr by adjusting the SA reservoir temperature between 35 and 100°C. Before introducing the sample into vacuum system, the nozzle was heated for 48 h up to 100°C under vacuum to remove water, which can form clusters with SA. The vacuum chamber was at Ͻ10 Ϫ5 Torr during the opening of the pulsed valve. The fluorescence excitation spectra were measured with an excimer-pumped dye laser ͑Lambda Physik-LPX 105/LPD 3002͒. The laser and molecular beams intersected approximately 12 mm below the nozzle orifice. Fluorescence from the sample was detected through optical filters, which selected UV ͑Schott WG 335, UG 11; 340-370 nm͒ or BLUE ͑Schott GG 385 or UY42, BG 3; 380-480 nm͒ emissions. Transmitted light was detected by a photomultiplier tube ͑Hamamatsu H3177͒, gated by a Stanford Research Systems boxcar integrator ͑SR-250͒, and averaged and stored by a microcomputer. Ten laser shots were averaged for each 0.0025 nm laser scan interval with 10 Hz laser repetition rate. The laser wavelength was calibrated by measuring the optogalvanic spectrum of a Ne hollow cathode lamp. The laser resolution was ϳ0.3 cm
Ϫ1
. Fluorescence spectra were recorded by dispersing the total fluorescence in a monochromator, and detecting emission with an optical multichannel analyzer ͑PAR 1420͒ having a 700 detector array. The exposure times were 7 min with excitation rates of 8 -10 Hz. Emission spectra were calibrated by measuring atomic emission spectrum of mercury.
The fluorescence decay time profiles were measured in the following manner. The excitation source was a Coherent 700 synchronously pumped dye laser, which operated with Rh 6G and DCM Special dyes. The picosecond oscillator pulses were amplified at 10 Hz rate with a three stage amplifier pumped by a regenerative YAG amplifier ͑Quantel RGA60-10͒. The excitation wavelength was measured with a calibrated monochromator. Excitation bandwidth of ϳ20 cm Ϫ1 in UV could be achieved with a three-plate birefringent filter in the oscillator. The SA sample was excited by the doubled output of the amplifier, which had a ϳ10 ps pulse width and ϳ25 J energy. The resulting fluorescence was detected by a Hamamatsu Photonics H3284 photomultiplier, which had a specified rise time of ϳ300 ps. The fluorescence decay traces of monomer were detected and averaged 128 -256 times by a Tektronix 602A digitizing oscilloscope with a 11A72 vertical amplifier ͑1 GHz bandwidth͒. For the dimer we used a LeCroy 7200 digital oscilloscope with 500 MHz bandwidth. The decay data were analyzed using a nonlinear least square fitting program. The validity of the fitting to a single or biexponential functions was checked using 2 and weighted residuals.
SA ͑Ͼ99.9%͒ from Wako was used without purification. Mixture of the SA-h and monodeuterated SA ͑SA-d͒ was prepared by keeping SA in D 2 O atmosphere at 60°C, in the sample holder of the pulsed valve, for 14 h. The valve was operated at 1 Hz to allow D 2 O to flow over the sample. To confirm that the new bands are due to SA-d, different sets of experiments were carried out by varying the exposure of SA to D 2 O. A broad background due to clusters is observed when the spectra are recorded immediately after introducing D 2 O in the sample holder. After flowing D 2 O over the sample for about 1 h, the sample was visually inspected. The top layer of the sample had recrystallized due to H-D exchange. In longer scans, the intensity of bands due to SA-d, decreased and after about 10 h of the experiments at room temperature vapor pressure of the sample, all monodeuterated sample disappeared and only spectrum due to the SA-h was observed. The spectrum was recorded in several parts and combined into one. The intensities of the bands may have 50% error due to depletion of the SA-d with time.
III. RESULTS AND DISCUSSION

A. Spectroscopy of SA rotamers
The two rotamers of the SA are shown in Fig. 1 II by internal rotation of the carboxylic group, which requires an activation energy of ϳ10 kcal/mol. 12͑c͒ The identification of the observed spectra with rotamer I and II is based on similar assignments for MS. 
Fluorescence excitation spectra of SA (rotamer I)
The emission from gas phase SA has some unusual features, which need to be described before presenting the fluorescence excitation spectra. The emission spectrum is similar to MS in that the intensity maximum has a large Stokes shift with a maximum at ϳ430 nm, with a tail extending to Ͼ600 nm. Such a broad spectrum with a large Stokes shift implies that either there is a large change in the excited state geometry, or that the absorbing and emitting states are different. As a result of tautomerization in the S 1 state of SA, it is possible that the S 0 and S 1 states have a single minimum, where S 0 is described by enol structure and S 1 keto, or that the S 1 surface has two minima due to enol and keto forms, which can interconvert on time scale of the emission. To distinguish between these two cases, we measured fluorescence excitation spectra monitoring separately UV ͑340-370 nm͒ and BLUE ͑380-480 nm͒ emissions.
The fluorescence excitation spectrum of SA measured while monitoring the BLUE emission is shown in Fig. 2͑a͒ . This spectrum resembles literature spectra of MS under similar conditions. By analogy to MS, the spectrum is assigned to the S 1 ←S 0 ͑*←͒ transition of the rotamer I.
14, 15 Although SA and MS have very similar chromophores, there are some significant differences in the spectra. For instance, the origin of SA ͑335.35 nm; 29 820 cm
Ϫ1
, air͒ is considerably weaker, relative to higher frequency bands, than the origin of MS ͑The origin of MS is at 30 052 cm
.͒ 14 Also, due to the methoxy group, MS has additional bands and the density of vibrational states is significantly higher. The stronger vibrational bands in the spectra of SA are listed in Table I along with frequencies and assignments of the corresponding bands of MS. Fluorescence excitation spectrum of SA measured while monitoring the UV emission is shown in Fig. 2͑b͒ . Except for several very weak bands in the UV spectrum, which we will show are due to the dimer, most bands appear in both spectra. Significantly, when the spectra are normalized at the origin, some vibronic bands have considerably higher intensities in the UV spectrum. For example, the 849 cm Ϫ1 band is about 2.2 times more intense in UV than in BLUE fluorescence excitation spectrum. It will be shown that these differences in intensities are consistent with a single, displaced minimum in the S 1 state of SA.
The fluorescence excitation spectra can be divided into three regions; 0-1000 cm
, 1000-1400 cm
, and above 1400 cm
. The spectrum is sparse up to 500 cm Ϫ1 above the origin. Sharp, isolated vibronic bands appear in the 0-1000 cm Ϫ1 region with an intensity maximum at 849 cm
. The widths of the vibrational bands of ϳ1 cm Ϫ1 are probably determined by the laser resolution and rotational band con- tours. Excess broadening in the 1000-1400 cm Ϫ1 region is probably due to intramolecular vibrational coupling. In MS, a larger density of vibrational states due to the methyl torsion results in excess broadening appearing above ϳ900 cm
. Above ϳ1400 cm Ϫ1 the SA and MS spectra are structureless and fluorescence intensity decreases with energy.
Vibrational analysis. The vibrational analysis is based on comparisons of SA spectrum with available data on related molecules such as benzene, phenol, 23 MS, 14 benzoic acid dimer, 24, 25 benzaldehyde, 26 salicylaldehyde, 27 as well as theoretical calculations. 28 The lowest frequency mode ͑88 cm
; 1 of Table I͒ is not found in phenol, 23 therefore it is Intensities are normalized at the origin. likely to be the lowest frequency mode associated with the carboxylic group, i.e., the torsion of the -COOH ͑calculated to be 99 cm Ϫ1 in S 0 , 28 and observed at 92 cm Ϫ1 in the S 1 state of naphthoic acid͒. 29 This band also is found in combination with other major vibrational bands, however, it has no overtones. Considering just the reduced mass for the torsion, the corresponding band in MS would be expected at lower frequency. However, the lowest frequency band in MS is at 136 cm
. 16 This mode may be either methyl torsion, or -COOMe torsion, but with a substantially larger force constant than the corresponding mode in SA.
The 364 and 511 cm Ϫ1 modes ͑ 2 and 5 of . These modes are expected to have large FranckCondon factors due to a large change in the angle of the bond between the -COOH and benzene ring ͑ab initio values for benzaldehyde are 119.3°in S 0 and 122.7°in S 1 ͒. 30 Due to much larger inertial mass, the corresponding -COOMe bend may be assigned to either 569 or 595 cm Ϫ1 bands of MS. Transitions in the 800-1100 cm Ϫ1 region are the most intense in the SA fluorescence excitation spectrum. These bands probably involve considerable distortion of the benzene ring ͑ring breathing͒, which is enhanced by the excitedstate tautomerization. Significant displacements along these modes result in large Franck-Condon factors. The strongest band in the spectrum of SA is at 849 cm
. By contrast, the most intense band in MS is at 1094 cm Ϫ1 ͑tentatively assigned to carbonyl stretching͒.
14 Such differences in relative intensities for a number of vibronic bands of SA and MS may be due to a large vibronic state dependence of fluorescence quantum yields, or due to different Franck-Condon factors. However, lifetimes of neither molecule show large state-dependent variations, that would be indicative of a similar trend in quantum yields ͑vide infra͒. Therefore, the differences in relative intensities can be attributed more probably to different molecular structures and extent of tautomerization in the S 0 and S 1 states of the two molecules.
Bands with large Franck-Condon factors help in determining the change in the molecular structure upon excitation to the S 1 state. The available spectroscopic information on the S 1 state indicates changes in the ring bond lengths, and -COOH bending angle. Heimbrook et al. predicted the CvO and OH stretches at 1094 and 2582 cm Ϫ1 . 14 There are a number of bands in 1000-1200 cm Ϫ1 region, which may be candidates for CvO stretching. However, by contrast to MS, these are not the strongest bands in the spectrum. Due to the loss of intensity and structure in the fluorescence excitation spectrum, it may not be possible to identify the CvO and OH stretches in the S 1 state of SA by fluorescence techniques. However, evidence for displacement along these modes comes from emission spectra, which show strong activity of OH and double bond ͑CvC and CvO͒ regions consistent with expected changes in structure due to the excited state tautomerization. Figure 3 shows the fluorescence excitation spectrum of the rotamer II up to 1300 cm Ϫ1 above the origin, which was recorded by monitoring fluorescence between 320-360 nm. The spectrum is considerably weaker than for the rotamer I, which is consistent with the lower concentration and assignment to *←n transition as suggested for MS.
Fluorescence excitation spectrum of rotamer II
14 Another factor contributing to lower signal to noise ratio of this spectrum, as compared with the rotamer I, is that the spectrum is superimposed on a structureless fluorescence excitation spectrum due to other species present in the beam. On monitoring the fluorescence longer than 360 nm, only a structureless spectrum, which decreases in intensity at high energy, is observed. Since rotamer II cannot tautomerize, it does not have substantial long wavelength emission such as the BLUE emission of rotamer I. Hence, the continuous spectrum observed when long wavelength emission is monitored, probably is due to high energy tails of the rotamer I and the dimer ͑see Sec. III B͒. It is difficult to estimate of the relative populations of the two rotamers in the expansion, because different experimental conditions are necessary to measure the spectra, and the transition moments and fluorescence quantum yields are not known. Since the enthalpies of formation for the two rotamers of SA probably are similar to those of MS, the rotamer II concentration is probably ϳ30%, as for MS in near room temperature supersonic expansions.
14 The most intense band at 311.52 nm ͑32 101 cm
Ϫ1
͒ is assumed to be the origin ͑ϳ2280 cm Ϫ1 above the origin of rotamer I͒. Another peak, which is 240 cm Ϫ1 lower in energy, only appears when monitoring UV emission and hence cannot be assigned to the rotamer I. As its intensity strongly depends on the expansion conditions, it probably is due to a hot-band or a cluster of rotamer II. For comparison, the origin of rotamer II spectrum of MS is at 32 303 cm Ϫ1 . 14 Since there is no internal hydrogen bond in rotamer II, it also is possible that rotamers of the phenolic OH can be observed in the expansion. Table II lists the vibrational assignments for rotamer II. Since the structures of rotamers I and II are related, a number of vibrational modes appear with similar frequencies. For instance, the bands of rotamer I at 364, 431, and 511 cm Ϫ1 appear at 363, 403, and 521 cm Ϫ1 for rotamer II. The low frequency bands at 44 and 69 cm Ϫ1 may be due to the torsion and out-of-plane bending of the carboxylic group. The most active mode in the spectrum is the ϳ240 cm Ϫ1 band ͑ 4 , Table II͒ , which has several overtones and combination bands with other modes. We assign this mode to the in-plane bend of -COOH group, as will be explained in Sec. IV. Figure 4 shows the first 800 cm Ϫ1 of the S 1 ←S 0 fluorescence excitation spectrum of partially deuterated SA ͑SA-d n ; n, number of substituted H atoms͒. The spectrum was recorded by detecting the total emission longer than 350 nm. Interpretation of the spectrum is complicated by the presence of two acidic protons-one on the carboxylic and the other on the phenolic groups-which are only partially exchanged. Therefore, we expect to see features in the spectrum due to at least four distinct species corresponding to unsubstituted SA, monosubstituted carboxylic and phenolic SA, and disubstituted SA. By contrast, MS has only one acidic hydrogen on the phenolic group. The most pronounced origin of deuterium substituted SA is shifted by ϩ21 cm Ϫ1 from the SA-d 0 origin. For comparison, the deuterium isotope shift for MS in free jet is ϩ99 cm Ϫ1 for rotamer I, and ϩ21 cm Ϫ1 for rotamer II. 14 The large difference in isotope shifts between MS and the most prominent SA isotopomer suggests that the substitution is on different functional groups. The difference in isotope shifts for rotamers of MS suggests that substitution at an intramolecular hydrogen bond results in a larger isotope shift. As result of excited state tautomerization, the largest change in frequencies between S 1 and S 0 states is expected for the modes, which involve intramolecular hydrogen bond. This reasoning suggests that the relatively small shift for the most intense SA isotopomer origin is due to the substitution is on a nonhydrogen bonded OH, i.e., the carboxylic acid. This assignment is consistent with relative acidities of the carboxylic and phenolic OH groups. The origin of the phenolic OD species is probably in a cluster of four lines between 88 -104 cm That the band at ϩ93 cm Ϫ1 is an origin can be confirmed by observation of vibronic development of higher frequency modes, which is similar to SA-d 0 . The assignment of the ϩ99 cm Ϫ1 band to the SA-d 2 origin is more tentative, since the isotope shifts do not appear to be additive, and the intensities are more sensitive to the degree of deuteration. We are unable to identify higher vibronic bands belonging to this species.
Fluorescence excitation spectra of SA-d
The frequencies of the vibronic bands involving substantial H motion are expected to have the largest shifts. The presence of three isotopomers makes it difficult to uniquely identify these bands. For example, the 364 cm Ϫ1 band, which is due to the vibration of the ring, does not have a significant isotope shift. However, bands at 511 and 704 cm Ϫ1 are found at 489 and 674 or 688 cm Ϫ1 for SA-d 1 . These two bands probably involve significant motion of the -COOH group.
For rotamer II of SA, the only isotopomer is observed at ϩ34 cm
Ϫ1
. Since this shift is significantly different than for MS, we assign it again to the -COOD species based on the above arguments. For comparison monodeuteration of benzoic acid dimer results in 23 cm Ϫ1 blue shift of the origin of the first -* state.
24͑a͒,24͑b͒ Due to poor signal to noise ratio, it was not possible to identify spectra of other isotopomers of rotamer II or the SA dimer. This in part is due to low concentrations, a number of partially substituted species, and overlap of the spectra with a background due to SA: water clusters and SA rotamer I continuum. Figure 5 shows emission spectra from the S 1 origin and 849 cm Ϫ1 bands of the rotamer I. The emission spectra from SA and MS origins are similar. The main Franck-Condon active modes in the emission spectrum from the SA origin are 240 ͑in-plane bending of the carboxylic acid͒ and 3230 cm Ϫ1 ͑phenolic O-H stretch͒ bands. In the 1500-1700 cm
Emission spectra
Ϫ1
region there are a number of bands probably due to CvC and CvO stretches and their combination bands with the 240 cm Ϫ1 mode. These modes clearly have significant Franck-Condon factors, but due to spectral congestion it is difficult to make specific assignments as was possible in case of MS. 15͑a͒ The spectrum has a maximum at ϳ430 nm, which approximately corresponds to the excitation of two quanta of OH stretch. Emission from vibronic bands with up to 1000 cm Ϫ1 excess energy has resolved vibrational structure ͑Fig. 6͒. However, the emission spectrum is structureless for ϩ1057 cm
, the highest energy band for which the emission spectrum was measured. This probably is due to the relaxation of the prepared state by intramolecular vibrational redistribution ͑IVR͒, which becomes a significant factor for this and higher energy bands.
The emission spectrum from 849 cm Ϫ1 band is of particular interest. It shows the characteristic 240 cm Ϫ1 progression at low frequencies and becomes congested for Stokes shifts of Ͼ1000 cm
. Under low resolution there are two broad maxima at ϳ380 and 430 nm, which give the appearance that the emission consists of two overlapping spectra. Such spectra are sometimes observed when optical excitation produces significant population in two emissive electronic states. Similar two-component emission spectra are observed for other bands in the 800-1100 cm Ϫ1 wavelength region. The ratio of UV-to-BLUE emissions is clearly state dependent, as can be seen in the comparison of UV and BLUE fluorescence excitation spectra in Fig. 2 . Although it is tempting to assign UV emission to enol, and BLUE emission to the keto isomers, we will argue in the discussion section that these unusual state dependent variation can be explained by differences in the extent of tautomerization in the ground and excited states. We will now focus here on assignments of individual modes.
Vibrationally resolved emission spectrum from the S 1 origin of MS in supersonic jet reported by Felker et al. 15͑a͒ shows three prominent modes; 180 ͑distortion of the ring containing the hydrogen bond͒, 1690 ͑carbonyl stretch͒, and 3220 cm Ϫ1 ͑OH stretch͒. 15͑a͒ In relatively low resolution emission spectra ͑ϳ50 cm Ϫ1 ͒, the 180 cm Ϫ1 mode appears to form progressions of five or more quanta from the origin and prominent bands such as CvO and O-H stretches. While the assignment of the CvO and O-H stretches appears straightforward and easy to justify considering the excited state tautomerization, the assignment of the 180 cm Ϫ1 is more controversial.
Although the 180 and 176 cm Ϫ1 bands in S 0 and S 1 states have very similar frequencies, contrary to previous assignments, we believe that they should be assigned to different vibrational motions. Zewail and co-workers suggested that the 180 and 176 cm Ϫ1 bands in the S 0 and S 1 states of MS, respectively, are due to the out-of-plane bending motion of the ''ring'' that includes hydrogen bond.
15͑a͒ Heimbrook et al. suggested that the 176 cm Ϫ1 mode is a vibration of the ''ring'' containing the hydrogen bond, and they assigned a number of bands in the S 1 state to its overtones and combination bands based on the observed frequencies. However, for the monodeuterated molecule the overtones of the 176 cm Ϫ1 mode are not observed, which provides an argument against some of the assignments for MS-h and suggests that this mode is not displaced with respect to the ground state. Furthermore, Heimbrook et al. report an isotope shift of ϩ10 cm Ϫ1 for this mode. 14 However, deuterium isotope substitution should decrease the vibrational frequency of any mode which involves the hydrogen bond. Work of Nishiya et al. 17 also casts doubt on assignment of the 176 cm Ϫ1 mode to a distortion involving the hydrogen bond. They measured the fluorescence excitation and emission spectra ͑in durene mixed crystals at 4.2 K and in supersonic jets͒ of molecules in which the methoxy group is replaced by other substituents ͑H, CH 3 , and NH 2 ͒. These molecules have the same hydro- gen bonding ring and should show analogous bands to the 176 and 180 cm Ϫ1 modes, if the above assignments to outof-plane distortions are correct. Since these spectra do not have the corresponding bands, they concluded that the 176 cm Ϫ1 mode is due to hindered methyl torsion. 17 This conclusion may be consistent with the deuterium isotope shift for the 176 cm Ϫ1 mode. By contrast, the 180 cm Ϫ1 mode in the ground state of MS is strongly displaced between S 0 and S 1 states, and is observed in MS analogs. 17 Therefore, this mode probably does derive intensity from the excited state tautomerization. Though the vibrational frequencies are deceptively similar, the 176 and 180 cm Ϫ1 modes clearly are due to unrelated vibrations.
Corresponding to the 180 cm Ϫ1 mode of MS, we find a 240 cm Ϫ1 progression in the ground state of SA. Although there is a significant increase in frequency from MS to SA, the fact that both modes form long progressions suggests that the Franck-Condon activity is due to similar changes in the chromophore. Different frequencies probably can be attributed to different reduced masses of -COOH and -COOMe groups. Therefore, this vibration is localized mostly on the ring containing the intramolecular hydrogen bond. The assignment to the out-of-plane distortion is unlikely because an antisymmetric mode, such as out-of-plane bend, would form a progression only if the molecular structure is planar in one state and nonplanar in the other. However, there is no reason to believe that tautomerization would affect the planarity of the molecule.
We prefer to assign the 240 cm Ϫ1 mode of SA and 180 cm Ϫ1 mode of MS to the in-plane-bending of the carboxylic group. This assignment is corroborated by the calculated vibrational frequency for this mode ͑243 cm
͒, 28 and is consistent with the large frequency difference between SA and MS. Analogous mode with 264 cm Ϫ1 frequency and a large displacement also is seen in the emission and resonance Raman spectra of 2-hydroxyacetophenone. 13 The calculated increase in angle between the benzene and carbonyl groups in salicylaldehyde is ϩ3.4°upon excitation to the S 1 state. 30 This change occurs in response to excited state tautomerization and it results in a large Franck-Condon factors for these related modes.
In the S 1 state of SA, a corresponding band to the 176 cm Ϫ1 mode of MS is not observed. This is to be expected if the 176 cm Ϫ1 band is due to methyl torsion. In the S 1 state of SA there are no obvious bands which can be identified with the 240 cm Ϫ1 band in the S 0 state. Tautomerization in the S 1 state is expected to increase the bond order ͑force constant͒ of the C-C bond between the carboxylic group and the benzene ring. Hence, the in-plane-bend is expected at higher frequency than in the S 0 state. The 240 cm Ϫ1 normal mode of the S 0 state, probably has a higher frequency and undergoes Dushinsky rotation in the S 1 state. 31 A possible candidate is the 704 cm Ϫ1 mode, as suggested in Sec. III A 1. Further experimental and theoretical work is necessary to identify the in-plane bending of the carboxylic group in S 1 state of SA and related molecules.
B. Spectroscopy of SA dimer
In condensed phase, SA exists predominantly as a dimer consisting of two units of rotamer II ͑Fig. 1͒. Absorption and emission spectra of the two rotamers and the dimer of SA overlap. As a result, there have been no reliable studies of excited electronic states of SA in the condensed phase. In a supersonic jet, control over the vapor pressure of the sample, and the simplification of the spectra by vibrational and rotational cooling allowed us to separate the dimer and monomer spectra. The dimer can consist of a combination of two units of rotamer I and/or II ͑Fig. 1͒. 19͑c͒ Since dimerization of rotamer I requires weakening of two intramolecular hydrogen bonds to form two intermolecular bonds, structure ͑IV͒ is less stable with respect to dissociation to monomer units than structure ͑III͒. In crystalline SA, IR and Raman spectroscopy has been used to deduce an energy difference of 154 cm Ϫ1 between the two structures. 19 Structure III can be formed by dimerization of two units of rotamer I followed by double proton transfer, or by 180°torsion of the two phenyl rings, or by dimerization of rotamer II. At present, the relative stabilities and activation energies for interconversion of structures I-IV under isolated conditions are not known. The concentrations of the monomer and dimer in the supersonic jet probably are determined both by thermodynamics and kinetics of interconversion between the rotamers, and cluster formation and dissociation. In condensed phase, the relative stabilities and kinetics of interconversion probably are influenced strongly by the presence of a solvent. It appears that nonpolar solvents strongly favor dimerization, while at room temperature in gas phase rotamer I is the dominant species. As a result of prevalence of the dimer in solution phase, only vibrational assignment of its ground state are available. 24͑c͒
Fluorescence excitation spectra
The fluorescence excitation spectra of rotamer I contain some weak features, which are more pronounced relative to the monomer when UV emission is monitored ͑see Fig. 2͒ . Increasing partial pressure of the SA sample increased the intensity of these weak features relative to the monomer, as expected for the dimer. At ϳ0.8 Torr SA partial pressure in the sample reservoir ͑90°C temperature͒, the dimer bands dominate the fluorescence excitation spectra ͓Fig. 7͑a͔͒. The relative intensities of the dimer origin bands do not change with the He stagnation pressure ͑1-3 atm͒. We assign the origin of SA 2 to the intense band at 30 049 cm
Ϫ1
, which is 229 cm Ϫ1 above the origin of rotamer I. The spectrum has sharp, well separated lines in the low energy region, with a maximum at 378 cm
. There is a continuous background, which reaches a maximum at ϳ1000 cm Ϫ1 above the origin. Above this energy, the spectrum is dominated by a continuous background, which decreases in intensity. The only sharp structure at high energies is due to the rotamer II.
Another very weak progression is observed between 27-34 cm Ϫ1 below the dimer origin. These bands appear only when UV emission is monitored, and have maximum intensity at high He stagnation pressures ͑3 atm͒. These bands may be due to other isomers of the dimer or due to clusters of the dimer with He or H 2 O. In case of 7-azaindole dimers, the less stable isomers also are observed. 9 The 0-500 cm Ϫ1 region of the SA 2 spectrum is dominated by progressions of four low frequency modes ͑57, 95, 101, and 151 cm Ϫ1 ͒. The assignments are based on those for the benzoic acid dimer reported by Tomioka et al., as given in Table III . 24 The low frequency bands are due to hydrogen bond ͑HB͒ twist, out-of-plane bend, and stretch, and C-COOH torsion, in-plane and out-of-plane bends.
24͑c͒ At higher frequencies the in-plane vibrations of benzene rings, such as 354, 437, 501 cm Ϫ1 appear at similar frequencies as the monomer ͓Fig. 7͑b͔͒. Essentially the whole spectrum can be assigned to combination and overtone bands of the above low frequency modes associated with the intramolecular hydrogen bond, -COOH bending and torsion, and benzene ring distortions.
Another interesting feature of the dimer fluorescence excitation spectrum is 1.5-4 cm Ϫ1 splitting of the bands, which are localized on the benzene rings such as 354 ͑ 7 ͒, 409 ͑ 7 ϩ 1 ͒, 501 ͑ 14 ͒, and 505 cm Ϫ1 ͑ 7 ϩ 4 ͒. This splitting probably arises from weak coupling of benzene ring modes, which are localized at either end of the dimer and couple through the hydrogen bond.
The spectrum contains a broad background, which is noticeable above ϳ200 cm Ϫ1 and has a maximum at ϳ1000 cm Ϫ1 excitation energy. Several factors probably contribute to this background. Due to several low-frequency, FranckCondon active intermolecular modes, at high energies there is a large density of bright states, which contribute to spectral congestion and IVR. Also, the dimer can undergo intermolecular double proton transfer, inter converting forms III and IV ͑Fig. 1͒. The barrier for this process is not known and there is no strong spectroscopic evidence that this process occurs, such as been reported for 7-azaindole dimers. 9 However, such a process could induce homogenous broadening of the vibronic bands and greatly increase the density of vibrational states.
Emission spectra
The emission spectrum from the dimer origin is shown in Fig. 8 . It has a few resolved bands near the origin, but at higher energies individual bands cannot be resolved due to the congestion. The dimer emission spectrum also appears to consist of two broad, barely resolved components with maxima at ϳ360 and ϳ400 nm. The intensities of each component appear to be nearly equal. The two components may reflect the Franck-Condon intensity distribution for S 1 state emission of SA 2 ; or it may be evidence that the emission occurs from two different species, for instance the normal and tautomer forms. It is conceivable that the structure of the dimer in the S 1 state is intermediate between structures III and IV ͑partial excited state proton transfer͒, so that FranckCondon factors are nearly the same for emission to III and IV structures. Or it may be that even at the dimer S 1 origin there is a rapid equilibration between structures III and IV, so that the emission occurs to both ground state species. In condensed phase ͑concentrated solutions or crystalline solid͒ the dimer emission also shows two overlapping emission bands at ϳ370 and ϳ440 nm. 19͑a͒,19͑b͒ The single exponential decay with the same rate constant has been attributed to the excited state equilibrium between the two structures. 19͑b͒ Fuke et al. 9 have reported strong evidence for ESDPT in dimers of 7-azaindole and derivatives in supersonic expansions. They observed fluorescence from both the normal and tautomer forms of the dimers. On increasing the excitation energy, the emission from the normal form decreased and that of the tautomer form increased. Due to the presence of a barrier to ESDPT, the rate of formation of tautomer increased with excitation energy. However, for SA 2 the shapes of the low resolution emission spectra are independent of the excitation wavelength. Due to overlap of absorption spectra of several species, this could be confirmed only for the strongest SA 2 bands. If dual emission can be assigned to the normal and tautomer forms, it may suggest that the ESDPT is much faster than emission, and the equilibrium between the normal and tautomer forms is independent of the excitation energy. Although our data are consistent with a single minimum, we cannot exclude rapid equilibration between two nearly isoenergetic, strongly fluorescent species.
Higher resolution emission spectra from several low frequency S 1 bands of SA 2 are shown in Fig. 9 . A ϳ100 cm Ϫ1 progression is prominent for emission from the origin, ϩ57, and ϩ95 cm Ϫ1 bands; and a 300 cm Ϫ1 progression appears for emission from ϩ95 and 151 cm The lifetimes for rotamer ͑I͒ were measured as a function of the excitation energy. The fluorescence decays of rotamer II were too fast to measure with our experimental time resolution ͑Ͻ1 ns͒. Figure 10 shows the dependence of the SA rotamer I decay rates on the excitation energy. The decay times for the BLUE and UV components are same within our experimental error ͑Ϯ5%͒. The lifetime at the origin is 9.6Ϯ0.5 ns ͑12.0 ns for MS͒. Between the origin and ϳ1100 cm Ϫ1 , the lifetime decreases monotonically to ϳ4.3 ns. Above ϳ1100 cm Ϫ1 there is an abrupt acceleration in the decay rate, which coincides with the fall off in the spectral intensity. At higher energies ͑Ͼ1000 cm Ϫ1 ͒ the decay curves are biexponential. The longer component has a nonlinear dependence on SA concentration, and we therefore, attribute it to the dimer. Observation of the same kinetics for the UV and BLUE emission implies that the emission comes from the same species or that the equilibrium between the two species is established on a subnanosecond time scale.
We attribute the sudden increase in the observed decay rates above 1100 cm Ϫ1 to an efficient intramolecular nonradiative decay process. The decrease in the fluorescence quantum yield in solution and gas phase has been observed in several related molecules. 8, [13] [14] [15] The fluorescence decay rates in MS show similar behavior, except that the activation energy for nonradiative decay is ϳ1300 cm Ϫ1 . 14, 15 Several mechanisms have been proposed to explain the nonradiative decay of MS.
SA, MS, and related molecules are known to have two or more close lying electronic states.
14, 15 The observed spectrum has been assigned to a ͑,*͒ transition. One or more singlet ͑n,*͒ states are predicted to have nearly the same energy. It is conceivable that there is a surface crossing between the two electronic states at ϳ1100 cm since the ͑n,*͒ states do not correlate to the ground state, strong coupling between ͑n,*͒ and ͑,*͒ states does not in itself lead to fast nonradiative decay. The fluorescence quenching could be accomplished by intersystem crossing from the ͑n,*͒ states. An additional problem with this mechanism is the difference in the activation energy between SA and MS. The fact that both the origin and threshold for nonradiative decay of SA are ϳ200 cm Ϫ1 lower than for MS, implies that the ͑n,*͒ state of SA must be ϳ400 cm Ϫ1 lower than for MS ͑assuming similar shapes and displacements of potential energy surfaces͒. Since methyl substitution usually decreases rather than increases the 0-0 transition energies of ͑n,*͒ states, an increase in excitation energy upon methyl substitution by 400 cm Ϫ1 is unlikely. Two mechanisms are proposed for the nonradiative decay of MS. 15 The first one involves the breaking of the intramolecular hydrogen bond by out-of-plane torsion of the -COOMe group. We prefer the second explanation for the following reasons. The ground state barrier for the analogous isomerization of salicyldehyde is estimated to be 7-8 kcal. 32 In the ͑,*͒ state the bond connecting the carboxylate to the phenyl has more character than the ground state. Thus, for salicyldehyde, the S 1 state barrier is 6200 cm
Ϫ1
. 32 Therefore, the 1300 cm Ϫ1 activation energy probably is too low to represent breaking of the hydrogen bond by torsional motion of the -COOMe. Also, if motion of the hydrogen atom were involved in the nonradiative decay, it would probably show a significant deuterium atom effect, contrary to the observations in Ref. 15͑b͒.
The second mechanism proposed in Ref. 15͑b͒ is the analog of the channel 3 decay process in benzene. The nonradiative decay of benzene above ϳ3000 cm Ϫ1 energy in the S 1 state has been attributed to internal conversion to the ground state via either Coriolis coupling 33 or isomerization to benzvalene. 34, 35 Since the S 1 states of MS, SA, and benzene are all of ͑,*͒ nature, a channel 3 like process also may lead to nonradiative decay in SA and its analogs. If the nonradiative decay occurs via a crossing between S 0 and S 1 states, then the ϳ200 cm Ϫ1 difference in origins of MS and SA is consistent with the similar decrease in the activation energy for internal conversion to S 0 . Further experimental and theoretical work will be necessary to determine the mechanism for nonradiative decay of SA and related molecules.
The much faster decay of rotamer II is not well understood. However, since the observed spectrum is thought to be due to the *←n transition, 14͑b͒ it is not surprising to observe different photophysics than for rotamer I.
SA dimer
Lifetimes of the dimer were measured by detecting the total fluorescence above 350 nm. The decay rates are shown in Fig. 11 . At the origin the lifetime is approximately equal to that of the monomer, i.e., ϳ9Ϯ0.5 ns. Up to 1100 cm Ϫ1 above the monomer origin it is difficult to measure dimer fluorescence decays without a contribution from the monomer. Since the lifetimes are similar, there is significant correlation in parameters determined in fitting the data to biexponential decay profiles. Due to much more rapid decay of the monomer than the dimer for excitation 1100 cm Ϫ1 above the monomer origin, the high energy lifetime values are more reliable. The lifetimes of the dimer show a monotonic decrease up to 2500 cm Ϫ1 above the origin. Due to much larger density of states in the dimer, a sharp threshold for the nonradiative decay is not observed. The nonradiative process could be the same as for the monomer, or it may involve processes such as dissociation or double proton transfer. Figure 12 shows a schematic potential energy surface for the excited state tautomerization of SA. Such a potential surface was originally proposed by Goodman and Brus to explain matrix isolation spectra of MS, 11͑a͒ and it was later adopted by Zewail and co-workers to explain their femtosecond time-resolved measurements. 15͑b͒ The same schematic potential also explains the fluorescence excitation and emission spectra of SA. Although we have used the limiting enol and keto resonance structures to label the two minima, we should emphasize that the extent of hydrogen transfer is rather small. This is corroborated by the ab initio calculations on salicyldehyde and related systems. 8, 30 The observed spectra support a single minimum, rather than a double minimum originally proposed by Weller, 1 for the following reasons. Spectra of 3-hydroxyflvone ͑Ref. 18͒ and 1-azacarbazoles ͑Ref. 9͒ are characteristic of excited state tautomerization by tunneling through an excited state barrier between two excited state minima. The origin of the spectrum is due to the vertical excitation. Tunneling through the barrier to tautomerization results in Stokes-shifted emission. The intensity of the Stokes-shifted emission increases and that of vertically excited state decreases with excitation energy, since the tunneling rates increase and equilibrium favors the more stable tautomer form. If the tunneling rate is rapid, it is also possible to observe lifetime broadening in the fluorescence excitation spectrum. However, in case of SA, the UV emission intensity increases as a function of excitation energy, rather than decreasing as in the double minimum case. The origin appears to be due to a nonvertical excitation into the excited state minimum, which is displaced in the tautomer coordinate. The intensity of individual bands appear to reflect Franck-Condon factors rather than energy dependent tautomerization between two excited state minima.
D. Potential energy surface for tautomerization
The Franck-Condon factors for transition between the ground ''enol'' to the excited state ''keto'' minima ͑0-0 transition͒ is small but observable. With nanosecond laser excitation we do not expect to see any dynamics associated with tautomerization. The 0-0 excitation optically prepares the enol wave function by a ''nonvertical'' transition. At higher excitation energies we expect to find ''vertical'' transitions associated with the ''reaction coordinate.'' Such vibronic states will have significant probability density at both classical turning points of the tautomerization potential, as shown in Fig. 12 , and will have strong BLUE and UV emissions. The normal modes, which appear stronger in UV than in BLUE fluorescence excitation spectra, probably are related to the tautomerization coordinate. Significantly, these modes do not appear to involve significant hydrogen motion. Modes like the prominent 849 cm Ϫ1 band probably involve the skeletal distortions of the benzene ring. Since the excited state partially loses aromaticity, the bond orders of benzene ring CC bonds either increase or decrease, and in response, the bond lengths change. Calculations for salicyldehyde show that the bond lengths change from nearly uniform 1.40 Å in the ground state, to 1.34 Å for double bonds, and 1.47 Å for the single bonds in the S 1 state. 30 For comparison the bond length of O-H is predicted to increase by only 0.01 Å. This is consistent with the analysis of the resonance Raman spectrum of 2-hydroxyacetophenone, which shows displacement of a number of skeletal modes and no significant displacement of the O-H stretch. 13 In case of MS and SA the emission spectra show evidence of hydrogen motion. In both cases the most prominent emission band is at two quanta of the O-H stretch. Thus there is evidence that tautomerization involves the motion of both the phenolic H atom and of the heavy atoms. However, the emission spectrum gives information on long time scale dynamics. Instantaneous excitation of SA results in motion along several coordinates on different time scales. The change in electronic structure mostly affects the -bonding framework. The initial motion is along the high frequency modes with steepest gradients. These probably are CvO and CvC stretching coordinates. The O-H stretching potential probably changes with time in response to the adiabatic motion of the heavy nuclei. The final motion of H probably involves in-plane bending of the -COOH, which is the lowest frequency strongly displaced mode.
The time resolution in our experiment is not sufficient to resolve the initial dynamics. However, Zewail and coworkers monitored the nuclear motion in S 1 state of MS using a time resolved fluorescence depletion technique with 80 fs duration pump and probe pulses.
15͑b͒ Fluorescence depletion technique is a useful method for studying excited state dynamics from the time evolution of the emission spectrum. 36 In case of MS, UV, and BLUE emissions were monitored as a function of delay between the excitation and gate ͑fluorescence quenching pulses͒. Under the bulb conditions of these experiments, most of the UV emission came from rotamer II of MS. Both emissions showed a 60 fs rise, followed by the characteristic decay for rotamer II and I, respectively. Substitution of the phenolic OH by deuterium resulted in the same rise time as the parent molecule. The rise time of the BLUE emission was attributed to the excited state tautomerization, while similar rise time for the UV emission was explained by the evolution of the excited state wave packet due to the response of the nuclei to the nearly instantaneous change in the potential surface. We suggest that in both cases, the 60 fs rise time represents the same dynamics, namely the response of the nuclear motion to formation of a node in the electronic wave function bisecting the benzene ring, as described in Ref. 8 . Therefore, propose that such rise times should be common to ͑,*͒ and ͑n,*͒ states of benzene ring containing molecules. It is our opinion that the spectroscopy and dynamics of SA, MS, and related molecules can be mainly described by the motion of heavy nuclei, while the changes in the O-H•••O structure is relatively small and strongly influenced by the heavy atom motion.
IV. CONCLUSIONS
In conclusion, we have studied the SA monomer and the dimer in supersonic free jet. Two rotamers of SA are found to exist in the expansion with different populations. The rotamer I emits from normal and tautomer forms even at the electronic origin. The ratio of UV-to-BLUE emissions depends on the vibronic state, and is large with respect to the origin for selected bands in the 800-1100 cm Ϫ1 region. Apparently these vibronic states have better Franck-Condon factors than the origin, and probably have a significant projection on the reaction coordinate for the tautomerization. These bands provide evidence for significant motion of the heavy atoms in response to changes in electron densities following the S 1 ←S 0 excitation. The emission spectrum is dominated by progressions in OH stretching ͑3230 cm Ϫ1 ͒ and in-plane distortion of carboxylic group ͑240 cm Ϫ1 ͒, and show significant activity for the CvC and CvO stretches. The large Franck-Condon factors for these modes are a consequence of excited state tautomerization. The decay rates for both the emission components of rotamer I are the same indicating that on the ϳ1 ns time scale, the species leading to the two emission components is the same. A sudden increase in the nonradiative rates 1100 cm Ϫ1 energy above origin has been observed. This is most likely due to an analogous internal conversion process to the channel 3 in benzene. The rotamer II does not undergo tautomerization and as a consequence shows only UV fluorescence. Upon increasing the concentration of the sample in the expansion a new spectrum due to the SA dimer is observed. The emission spectra of the dimer show possible evidence of double proton transfer. The fluorescence decay rates indicate a nonradiative process, which may be attributed to the proton transfer, dissociation, or another nonradiative process. Salicylic acid is one of the simplest molecules which undergoes excited state tautomerization, and it is convenient to study experimentally and theoretically. Therefore it is a promising system for further studies of excited state tautomerization.
